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Description 



CHEMICAL TREATMENT TO RETARD 
DIFFUSION IN A SEMICONDUCTOR 
OVERLAYER 

Background of Invention 

[0001] The present invention relates to semiconductor devices, 
and more particularly to a method of fabricating a semi- 
conductor structure that includes a carbon and oxygen 
containing monolayer between a first material layer such 
as, for example, a first semiconductor layer and any other 
film, such as, for example, a second semiconductor layer, 
that overlays the first material layer. This monolayer can 
serve as a barrier to dopant diffusion during subsequent 
thermal processing. 

[0002] Controlling dopant diffusion is highly desirable in the fab- 
rication of semiconductor devices. Nontraditional metal 
oxide semiconductor field effect transistors (MOSFETs), 
such as super steep retrograde well devices, require that 
the high dose well dopants remain in the ground plane 



and do not diffuse into the undoped channel regions. Even 
conventional p-MOSFETs require that boron in the gate 
electrode does not penetrate the gate dielectric. 

[0003] Diffusion is traditionally limited in the prior art by mini- 
mizing the thermal cycles during processing. Despite its 
use to limit diffusion, this prior art approach limits the 
flexibility of the process integration. 

[0004] Additionally, diffusion is minimized in some prior art pro- 
cesses by growing a film atop a semiconductor layer to 
retard dopant diffusion. An example of this prior art ap- 
proach is the growth of a SiC film atop a semiconductor 
layer. The SiC film has been shown to minimize boron dif- 
fusion. The technique of growing a film atop a semicon- 
ductor layer to minimize dopant diffusion can add addi- 
tional challenges to the semiconductor manufacturer, 
such as, for example, the need for modifying the dry 
etching processes for heterogeneous stacks that will now 
include the dopant diffusion minimizing film. 

[0005] Another prior art method for minimizing dopant diffusion 
includes co-implantation of a diffusion retarding element 
into a semiconductor layer. This prior art approach how- 
ever is also problematic since the co-implanted element 
would be distributed throughout the semiconductor layer, 



instead of being confined to an interface. 

[0006] Some examples of prior art methods to control dopant 
diffusion include: 

[° 007 ] I. U.S. Patent No. 5,731,626 to Eagelsham, et al. provides 
a process for controlling the diffusion of ion-implanted 
dopant atoms in a semiconductor layer. In accordance 
with the method disclosed in Eagelsham, et al., the diffu- 
sion of ion-implanted dopant atoms in a deposited semi- 
conductor layer is controlled by incorporating a diffusion- 
suppressing amount of an electrically inactive impurity in 
the semiconductor layer by a crystal growth technique. 
The electrically inactive impurity is any atom or molecule 
which, when introduced to a semiconductor layer, will not 
interfere with the electrical properties of the semiconduc- 
tor. One example of an electrically inactive impurity in the 
Eagelsham, et al. disclosure is substitutional carbon. 

[0008] II. U.S. Patent No. 5,967,794 to Kodama discloses a 

method of fabricating a semiconductor device with a shal- 
low (on the order of 50 nm) PN junction depth. In the 794 
disclosure, a silicon layer containing a substance such as 
carbon which combines with point defects in the semicon- 
ductor substrate is grown atop the substrate to prevent an 
impurity from diffusing. 



[0009] III. U.S. Patent No. 6,271,551 to Schmitz, et al. retards 

dopant diffusion by providing a thin layer of Si Ge be- 

l-x X 

tween a strongly doped layer and an intrinsic surface re- 
gion. 

[0010] Despite the above advances in the art for minimizing 

dopant diffusion, there is still a need for a new and im- 
proved method whereby dopant diffusion can be substan- 
tially retarded, which does not require significant modifi- 
cations to existing semiconductor processing techniques 
and does not disrupt the alignment of an overlying film to 
the lattice of a semiconductor substrate. 
Summary of Invention 

[0011] The present invention provides a method for substantially 
retarding diffusion of dopants from a first material layer 
such as a first semiconductor layer into an overlaying film 
such as a second semiconductor layer, or from an over- 
laying film layer into a first material layer. In accordance 
with the method of the present invention, the diffusion of 
dopant ions (either n or p-type) that have been previously 
formed into one of the layers of the structure can be sub- 
stantially retarded by a chemical treatment step that is 
performed prior to deposition of the other film atop the 
first material layer. The chemical treatment step employed 



in the present invention involves the formation of a car- 
bon and oxygen containing monolayer on the surface of a 
precleaned and hydrogen terminated first material layer. 
The monolayer comprising carbon and oxygen is formed 
in the present invention by applying a solution containing 
iodine and an alcohol to the precleaned and hydrogen ter- 
minated surface of a first material layer. 

[0012] | n t he case where the first material layer is a first semi- 
conductor layer, the application of the solution of iodine 
and alcohol modifies the precleaned and hydrogen termi- 
nated surface of the first semiconductor layer such that an 
alkoxy group forms wherein the oxygen atom of the 
alkoxy group is attached to the semiconductor element, 
e.g., Si, of the first semiconductor layer and the alkyl of 
the alkoxy group is attached to the oxygen atom. Without 
wishing to be bound to any theory, it is believed that dur- 
ing the iodine/alcohol treatment step, iodine replaces hy- 
drogen on the surface of the hydrogen terminated first 
semiconductor layer and then the iodine is replaced by an 
alkoxy group of the alcohol. A by-product of the iodine/ 
alcohol treatment step is HI. 

[0013] After performing the inventive iodine/alcohol treatment 
step, the first material layer is rinsed and dried using a 



surface tension gradient dry and thereafter another film, 
typically a second semiconductor layer, is formed atop the 
iodine/alcohol modified first material layer. Substantially 
little or no dopant diffusion from the first material layer to 
the overlaying film, or vice versa, is observed after forma- 
tion of the other film atop the first material layer. The dif- 
fusion of dopants from the first material layer to the other 
film, or vice versa, is also substantially retarded even after 
performing high temperature anneals. 

[0014] | n a preferred application of the present invention, the 

method of the present invention forms a monolayer com- 
prising oxygen and carbon between a first semiconductor 
layer and a second semiconductor layer. In this preferred 
application, the method of the present invention includes 
the steps of forming a monolayer comprising carbon and 
oxygen on a first semiconductor layer that includes 
dopants therein; and forming a second semiconductor 
layer atop the first semiconductor layer, wherein the 
monolayer which is located between the first and the sec- 
ond semiconductor layer, substantially retards diffusion of 
the dopants from the first semiconductor layer to the sec- 
ond semiconductor layer. 

[0015] The method described above provides a simple technique 



for creating a carbon and oxygen containing monolayer 
between a first semiconductor layer and an overlying sec- 
ond semiconductor layer. It should be noted that in some 
applications the second semiconductor layer could be re- 
placed by another material that is insulating or conduc- 
tive. Alternatively, the other material could be any combi- 
nation of semiconducting, insulating and conductive ma- 
terials. 

Brief Description of Drawings 

[0016] FIGS. 1A-1B are pictorial representations (through cross 
sectional views) depicting the basic processing steps of 
the present invention. 

[0017] FIG. 2 shows the boron SIMS data from silicon- 

on-insulator (SOI) wafers that have been implanted with a 
dose of boron of 2E13 atoms/cm 2 at 10 keV and then 
cleaned and deposited with Si at 750°C. 

[0018] FIG. 3 is an atomic resolution TEM image of an SOI sub- 
strate after the iodine/methanol treatment step of the 
present invention and 850°C Si growth. 

[0019] FIG. 4 is a lower resolution TEM image of an SOI substrate 
after the iodine/methanol treatment step of the present 
invention and 850°C Si growth. 
Detailed Description 



[0020] The present invention, which provides a simple method 
for substantially retarding dopant diffusion from a first 
material layer into an overlying film or vice versa, will now 
be described in more detail. 

[0021] Reference is first made to FIGS. 1A-1B which illustrates 

the basic processing steps of the present invention. In the 
drawings and description that follow, the layer formed 
above the first semiconductor layer is described as being 
a second semiconductor layer. Although this embodiment 
is disclosed and described in detail, the second semicon- 
ductor layer can be replaced by an insulating layer, a con- 
ductive layer or a stack containing any combination of 
semiconducting, insulating and conductive layers. In some 
embodiments, the first semiconductor layer can be re- 
placed with an insulating layer and the second layer can 
be a conductive layer. Also, it is possible to use the 
present invention in cases in which the first semiconduc- 
tor layer is undoped and the second semiconductor layer 
is doped. The alternate doping configuration is also con- 
templated herein. 

[0022] The term "semiconductor layer" is used throughout the 
present application to denote a material whose electrical 
conductivity is between that of a conductor and that of an 



insulator. Illustratively, the semiconductor can be com- 
prised of Si, SiC, SiGe, SiGeC, Ge, GaAs, InAs, InP as well 
as other lll/V or 1 1 /VI compound semiconductors. The 
semiconductor layer(s) may also comprise a silicon- 
on-insulator (SOI) substrate, a SiGe-on-insulator (SGOI) 
substrate or any other layered semiconductor such as, for 
example, Si/SiGe. The semiconductor layer(s) may be 
strained, unstrained or have both unstrained and strained 
regions. The semiconductor layer(s) may also be crys- 
talline, semi-crystalline or non-crystalline. 

[0023] | n embodiments wherein a first semiconductor layer and a 
second semiconductor layer are employed, the two semi- 
conductor layers may be comprised of the same semicon- 
ductor material, i.e., both comprised of Si, or they can be 
comprised of different semiconductor materials, i.e., first 
layer comprising Si and second layer comprising Ge. 

[0024] p r jor to performing the iodine/alcohol treatment step of 
the present invention that forms the carbon and oxygen 
containing monolayer, native oxide present as a surface 
layer on the first semiconductor layer or screen oxide is 
typically removed using a conventional precleaning pro- 
cess that is capable of removing the native oxide surface 
layer from the first semiconductor layer. Illustrative exam- 



pies of processes that can be used in removing the native 
oxide surface layer from the first semiconductor layer in- 
clude, but are not limited to: sulfuric acid and peroxide 
mixtures, ammonium hydroxide and peroxide mixtures, 
and hydrochloric acid and peroxide mixtures. The final 
step of the preclean should include hydrofluoric acid or 
buffered hydrofluoric acid either in an aqueous or alcohol 
solution or in the gas phase. This process leaves a hydro- 
gen-terminated surface. By "hydrogen terminated" it is 
meant that the outer surface of the first semiconductor 
layer includes hydrogen atoms. In the case of Si, the hy- 
drogen termination results in a structure having Si-H 
bonds. 

[0025] | n some embodiments of the present invention, the hy- 
drogen termination can be provided by annealing in a hy- 
drogen-containing ambient. The hydrogen annealing is 
performed using standard conditions that are well known 
to those skilled in the art. In accordance with the pre- 
ferred embodiment of the present invention, the first 
semiconductor layer includes dopant ions therein. The 
dopant ions are formed into the first semiconductor layer 
anytime prior to the iodine/alcohol treatment step of the 
present invention utilizing ion implantation. Typically, 



dopant ions are implanted prior to removal of the native 
oxide surface layer from the first semiconductor layer. 
The ion implantation step may be performed using a 
blanket ion implantation process, or a selective ion im- 
plantation process may be utilized. 
[0026] The dopant ions can be p-type dopants such as B or BF 2 
ions, or n-type dopants such as P, As, or Sb ions. The 
dose of dopant ions implanted within the first semicon- 
ductor layer may vary depending on the ions that are be- 
ing implanted and the preferred device characteristics. 
Typically, the dopant ions are implanted within the first 
semiconductor layer with a dose from about 1E11 to 
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about 1E16 atoms/cm . The energy of the ion implanta- 
tion step may vary depending on the structure being 
formed and the type of dopant ions being implanted. Typ- 
ically, the ion implantation is performed at an energy from 
about 1 to about 65 keV, with an energy from about 10 to 
about 30 keV being more typical. In a preferred embodi- 
ment of the present invention, the dopant ions are B ions 
that are implanted into an SOI layer of an SOI wafer. 
[0027] After removing the native oxide surface layer and termi- 
nating the first semiconductor layer with hydrogen atoms, 
the first semiconductor layer is subjected to the iodine/ 



alcohol treatment step of the present invention. This 
chemical treatment step results in the formation of a 
monolayer comprising carbon and oxygen on the surface 
of the first semiconductor layer. 

[0028] The term "monolayer" as used throughout this application 
denotes a single termination layer wherein each Si atom 
(or like atom of the first material layer) is bonded to at 
least one alkoxy group. A monolayer comprising C and O 
is different from a film that contains said atoms since a 
film implies multilayer termination. Moreover, a film has 
nucleation issues which result in initial island growth prior 
to full coverage. The alkoxy termination, on the other 
hand, saturates at a single monolayer. Films may disrupt 
the growth of the subsequent overlayers, while a mono- 
layer will likely not. 

[0029] Specifically, a solution comprising iodine and an alcohol is 
applied to the first semiconductor layer containing im- 
planted dopants. The solution is prepared by adding the 
two components together and then thoroughly mixing the 
same. The application of the iodine/alcohol solution may 
occur by immersion, dip coating, spray coating, or other 
like coating process. In some embodiments, the solution 
can be evaporated and applied as gaseous mixture as 



well. The application of the iodine/alcohol solution to the 
first semiconductor layer typically occurs at room temper- 
ature (i.e., 20°C). Although room temperature is typically 
employed, the solution containing iodine and alcohol may 
be applied at temperatures that are slightly elevated from 
room temperature. The contact time for the solution con- 
taining iodine and alcohol may vary depending on the 
type of alcohol in the solution and the reaction tempera- 
ture. Typically, the contact of the solution containing io- 
dine and alcohol to the first semiconductor layer is from 
about 15 to about 60 minutes, with a contact time from 
about 20 to about 30 minutes being more typical. 
[0030] As indicated above, the solution employed in the present 
invention for forming the monolayer of carbon and oxy- 
gen comprises iodine and alcohol. The amount of iodine 
present in the solution is from about lxlO 3 to about 
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1x10 M, with about 5x10 M being more typical. 
[0031] The alcohol employed in the solution may comprise any 
straight chain or branched monohydric alcohol, including 
for example, methanol, ethanol, n-propanol, isopropanol, 
butanol, pentanol, heptanol, octanol, nanonol, and mix- 
tures thereof. Methanol and ethanol are preferred in the 
present invention, with methanol being particularly pre- 



ferred. Although branched chain alcohols work, straight 
chain alcohols work better due to reduced steric hinder- 
ance of those alcohols. 
[0032] when methanol is employed, a highly preferred iodine/ 
methanol solution used in forming the monolayer of car- 
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bon and oxygen comprises about 5x10 M iodine in 
methanol. 

[0033] FIG. 1A shows the structure that is formed after the above 
steps have been performed. In this drawing, reference nu- 
meral 10 denotes the first semiconductor layer after im- 
plantation, precleaning and hydrogen termination, while 
reference numeral 12 denotes the monolayer comprising 
carbon and oxygen. Although not shown, the oxygen 
atoms of the monolayer 12 are bound to the surface of 
the first semiconductor layer 10 and the carbon atoms of 
the monolayer 12 are bound to the oxygen atoms. 

[0034] After contact with the iodine/alcohol solution, the treated 
structure is typically rinsed in an alcohol and then dried 
using a standard drying process well known in the art. The 
alcohol used to rinse the structure is typically, but not 
necessarily, the same alcohol as present in the iodine/al- 
cohol solution. A typical drying process that can be used 
in the present invention includes a surface tension drying 



process wherein a mist including isopropanol and water is 
employed. 

[0035] Next, and as shown in FIG. IB, a second semiconductor 
layer 14 (or any other film) is formed atop the structure 
shown in FIG. 1A. The second semiconductor layer 14 (or 
any other film) is formed utilizing a conventional deposi- 
tion process including for example, chemical vapor depo- 
sition, evaporation, plasma-assisted chemical vapor de- 
position, vapor deposition, sputtering, chemical solution 
deposition and other like deposition processes. The sec- 
ond semiconductor layer 14 can also be deposited by an 
epitaxial growth process. The deposition typically occurs 
at temperatures that are higher than 500°C. At these de- 
position temperatures, diffusion of dopants from the first 
semiconductor layer 10 into the second semiconductor 
layer 14 typically occurs if the inventive monolayer 12 is 
not present between the two semiconductor layers. In the 
present invention, the monolayer 12 substantially retards 
the diffusion of dopants from the first semiconductor 
layer 10 into the second semiconductor layer 14. A build- 
up of dopants at the interface between the two semicon- 
ductor layers may occur after deposition. 

[0036] Following formation of the second semiconductor layer 



14, the structure shown in FIG. IB is typically subjected to 
an annealing process in the course of subsequent pro- 
cessing. It is noted that the activation anneal for the 
dopants in the first semiconductor layer is usually per- 
formed prior to depositing the second semiconductor 
layer. Anneals are typically performed at a temperature 
that is greater than 900°C, with a temperature of greater 
than 950°C being more typical. The subsequent anneals 
can be carried out using furnace anneal processes, spike 
anneal processes, laser anneal processes, and/or rapid 
thermal anneal processes. The furnace anneal typically re- 
quires longer annealing times than the other anneals. In 
one embodiment of the present invention, the dopants are 
activated using a rapid thermal anneal at a temperature of 
about 1000°C, for a time period of less than 10 seconds. 
A build-up of dopants at the interface between the two 
semiconductor layers may occur after annealing. 
[0037] At such annealing temperatures, diffusion of dopants 
from the first semiconductor layer 10 into the second 
semiconductor layer 14 typically occurs if the inventive 
monolayer 12 is not present between the two semicon- 
ductor layers. In the present invention, the monolayer 12 
substantially retards the diffusion of dopants from the 



first semiconductor layer 10 into the second semiconduc- 
tor layer 14. 

[0038] | n addition to the embodiment described above, the 

present invention also works in providing a diffusion in- 
hibiting layer for the case where the first semiconductor 
layer 10 is intrinsic and the second semiconductor layer 
14 is in-situ doped. This scenario is particularly useful for 
providing replacement junction structures. The present 
invention can also be used to prevent the diffusion of 
dopants from a gate conductor into a gate dielectric (i.e., 
boron penetration). In that embodiment, the first material 
layer is an insulator and the overlayer is a conductor. 

[0039] The following example illustrates the process of the 

present invention as well as showing some advantages of 
the same over a sample that does not undergo the iodine/ 
alcohol treatment step mentioned above. 

[0040] EXAMPLE 

[0041] | n t his example, two silicon-on-insulator (SOI) substrates, 
each having an SOI layer that has a thickness of about 50 
nm were employed. Each of the SOI substrates, in particu- 
lar each SOI layer, was doped with boron by ion implanta- 
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tion using an ion dose of 2E13 B atoms/cm at 10 keV. 
The samples were then annealed at about 1000°C for less 



than 10 seconds. 
[0042] Each SOI substrate was then subjected to a step in which 
the SOI layer was hydrogen terminated. The hydrogen ter- 
mination was provided by applying dilute hydrofluoric 
acid to each of the SOI substrates. After hydrogen termi- 
nation, one of SOI substrates was soaked in a solution of 
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5x10 M iodine in methanol to provide a methoxy termi- 
nation comprising carbon and oxygen to the SOI layer. 
The iodine/methanol soak occurred at room temperature 
for about 20 minutes. The soaked SOI substrate was then 
rinsed with methanol and dry utilizing a standard surface 
tension gradient drying process. 

[0043] a Si layer having a thickness of about 40 nm was de- 
posited at 750°C on each of the SOI substrates processes 
above. The SOI substrate that was not subjected to the io- 
dine/methanol treatment represents a comparative sam- 
ple, while the SOI substrate treated with iodine/methanol 
is representative of the present invention. 

[0044] The boron SIMS data for each sample was then collected 
after deposition and after a post deposition anneal, 
1000°C, 5 seconds. FIG. 2 shows the boron SIMS data for 
the above experimentation. In FIG. 1, Curve 1 denotes the 
SIMS data for the comparative sample after post deposi- 



tion annealing, Curve 2 represents the SIMS data for the 
comparative sample after deposition of the Si overlayer 
(prior to annealing), Curve 3 represents the inventive 
sample after the post deposition anneal and Curve 4 rep- 
resents the inventive sample after deposition of the Si 
overlayer (prior to annealing). 

[0045] The SIMS data shown in FIG. 2 illustrates that the sample 
of the present invention, as deposited and after perform- 
ing the post deposition anneal, had less boron diffusion 
into the Si overlayer than the sample without the treat- 
ment step of the present invention. 

[0046] Another SOI substrate was processed using the iodine/ 
methanol treatment method of the present invention de- 
scribed above and thereafter the sample was annealed in 
vacuum at 850°C and then a Si overlayer having a thick- 
ness of about 30 nm was deposited at 850°C. The high- 
resolution (3 nm scale) TEM image and low resolution (50 
nm scale) TEM of this sample are shown in FIGS. 3 and 4, 
respectively. The TEMs illustrate that the iodine/methanol 
treatment step of the present invention does not disrupt 
the alignment of the Si overlayer on the original SOI layer. 
The carbon and oxygen doses for the interface between 
the SOI layer and the Si overlayer were 1.1E14 atoms/cm 2 



and 1.1E13 atoms/cm 2 , respectively. The interface is not 
visible by TEM, and the lattice of the SOI substrate is not 
distinguishable from the epitaxial Si overlayer. 

[0047] while the present invention has been particularly shown 
and described with respect to preferred embodiments, it 
will be understood by those skilled in the art that the 
foregoing and other changes in forms and details may be 
made without departing from the spirit and scope of the 
present invention. It is therefore intended that the present 
invention not be limited to the exact forms and details 
described and illustrated, but fall within the scope of the 
appended claims. 

[0048] what is claimed is: 



